The primary purpose of this study is to exploit the effect of Earth's non-sphericity perturbation, particularly due to the J 2 term, in order to optimize the capture sequence of potential orbital debris, that is the cumulative ΔV associated to the transfers between one object and the others. As results of several researches and model predictions, many international agencies agree that the growing population of objects and debris in LEO (low earth orbits), will follow a diverging trend in the future. This, in turn, would constitute a serious threat to circum-terrestrial space safety and sustainability. In LEO, the J 2 disturbance is prevailing over the others, and it acts by affecting the longitude of the ascending node (Ω), the argument of perigee (ω) and, accordingly, the true anomaly (ν). Therefore, the goal of optimizing the ΔV is achieved by taking advantage of the rate of variation of Ω and ω, thereby compensating for the ΔΩ and Δω, present between the orbital transfer vehicle (chaser) and the debris to be captured (target). Obviously, the perturbation will lead to favourable variations of the orbital parameters only for some combinations of Ω and ω. Yet the presence of a debris population with random distribution of Ω and ω, makes this application particularly suited to the problem. The single maneuver has been modelled with a 4-impulse time fixed rendezvous and the optimization problem has been addressed by implementing a hybrid evolutionary algorithm, which adopts, in parallel, three different strategies, namely, genetic algorithm, differential evolution and particle swarm optimization.
Introduction


The steady increase in the number of debris in LEO (low earth orbit) is a matter of great interest and concern in the scientific community [1] , as the problem regards the future safety and stability of the exploitation of circum-terrestrial space. Nowadays, launching new artificial satellites and spacecrafts without worrying about their future disposal and de-orbiting, as well as without planning the end of their operational life cycle, is no longer a viable approach. On the other hand, intervening only on "end of life" strategies may not be enough. The number of objects in orbit rapidly increased over the last decades ( Fig. 1 ) and the number of collisions and the resulting trail of debris that these events produce are likely to trigger a chain process, whose effects are difficult to predict. Internal research of top aerospace agencies (e.g., NASA (National Aeronautics and Space Administration), ESA (European Space Agency), JAXA (Japan Aerospace Exploration Agency)) [2] already addressed the design and analysis of ADR (active debris removal) missions, needed to face the orbital debris threat. Top-level timeline includes the following cyclic operations: target debris rendezvous; close approach operations; non-cooperative de-tumbling; docking; de-orbiting; new target debris selection and rendezvous.
Each phase of the mission needs to be successful, and research needs to move important steps and evolutions towards different subject areas. In particular, it is essential to maximize the number of targets that a certain orbital transfer vehicle (chaser) is able to capture and de-orbit, to specify algorithms for orbital transfer calculation, and to optimize the debris sequence efficiency. Moreover, D DAVID PUBLISHING during the target approach phase, 3D vision algorithms shall allow an accurate 3D reconstruction of target inertial properties and dynamics, in order to execute a safe capture. Finally, non-cooperative docking will require a completely autonomous and reliable relative navigation system to be developed. The present study arises from these needs and focuses on the rendezvous sequence of non-cooperative objects. The orbital slot of the greatest interest is the LEO environment, containing debris of larger dimensions, such as upper stages and inactive satellites, with masses exceeding one ton. Since the problem is most critical in the LEO slot, an assessment of the perturbations in this area was first conducted.
The J 2 perturbation due to Earth's non-sphericity is predominant, thus it is possible to exploit its effects in order to optimize the energy required for transfers between one target and the other. Such disturbances affect only the longitude of ascending node (Ω), the argument of perigee (ω) and the true anomaly (ν).
With the availability of a wide target population, the rendezvous sequence will be chosen so that the rate of variation of orbital parameters affected by the J 2 effect tends to align the chaser and target. Hence, it is possible to save the ΔV needed to compensate for ΔΩ and Δω between target and chaser. Hand in hand with the active debris removal missions, the study of optimal rendezvous strategies with multiple non-cooperative objects can be very useful for other purposes such as servicing and refuelling inactive satellites willing to prolong their operational life cycle.
Orbital Debris Hazard and Mitigation Strategies
The space activity, since its inception, has always given a relatively low value to disposal of satellites and orbiting objects, once the operational life cycle reaches the end. Only in recent decades, necessity led to draw up precise guidelines with the aim of limiting the number of debris in Earth orbits (from LEO to GEO (geosynchronous equatorial orbit)). Yet the risk inherent in the presence of an increasing number of objects in orbit tends to worsen as emerging nations acquire the technology needed to exploit the circum-terrestrial space. Currently, the overall number of objects in LEO with characteristic dimensions above 10 cm is more than 10,000.
Approximately one-sixth of the causes of fragmentation of objects orbiting the Earth are still unknown. However, most of them can be identified among: deliberate actions; propulsive causes; batteries issues; collisions; aerodynamic drag.
Debris fragmentation by collision is nowadays still restrained, though over the next century it is expected to be the leading and no longer controlled cause of generation of debris in LEO. Ref. [3] show that even with no future launches of objects in orbit, collisions between those already present would lead to a continually growing number of debris.
The uncontrolled growth of debris in LEO may be limited only by reducing the number of collisions. To avoid a catastrophic collision chain there are only two solutions: de-orbiting and disposal on alternative orbits.
Over the last decade, the international community agreed to adopt rules specifically aimed at defining a PMD (post mission disposal) strategy. These guidelines recommend that any payload or upper stage was removed from its operational orbit within 25 years after the end of his life cycle. Yet considering the current orbital environment, even if all new satellites followed the PMD guidelines completely (100%), this would not reduce the risk of a collision cascade. Hence, The follo into conside 
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The ultimate h a sequence essarily circu y close to ea en modelled a wn in Fig. 3 up to six per mission. This reflect the need to progress in the field of target autonomous recognition and non-cooperative docking, before being able to plan multi-target missions, which will be essential to guarantee a safe and stable orbital environment.
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